To test the hypothesis that subnormal retinal oxygenation response (⌬PO 2 ) found at 3 months of experimental diabetes is associated with cellular swelling and increased retinal thickness. METHODS. Two groups of animals were studied: control rats injected intraperitoneally with either 15% body weight of saline or distilled water (cellular swelling model) or with intravitreal N-methyl-D-aspartate (NMDA) and 3-month-old diabetic and age-matched control rats. Intraocular pressure and retinal thickness was assessed using an applanation tonometer or high-resolution MRI (23.4 m 2 in-plane). In separate studies, functional MRI was used to measure blood-retinal barrier (BRB) integrity after Gd-DTPA injection intravenously and retinal ⌬PO 2 during carbogen provocation.
T he retinal oxygenation response to a hyperoxic provocation (⌬PO 2 ), measured by functional MRI, is a powerful and noninvasive biomarker of the ability of the retinovascular system to oxygenate. [1] [2] [3] We have shown in rats that during a carbogen (a gas mixture of carbon dioxide [5% CO 2 ] or an oxygen [95% O 2 ]) inhalation challenge, retinal ⌬PO 2 is elevated relative to 100% oxygen breathing and that retinal ⌬PO 2 is significantly lower than normal after 3 months of experimental diabetes. 2,4 -7 Furthermore, retinal ⌬PO 2 measurements at 3 months correctly predicted histopathologic outcome to treatments for diabetic retinopathy, such as aminoguanidine. 6 Importantly, we have also shown that ⌬PO 2 measurement can be adapted to clinical testing (Trick G, et al. IOVS 2005; 46 :ARVO E-Abstract 1413). 1 The impact of an abnormality associated with diabetes, such as retinal edema, on retinal ⌬PO 2 has not yet been examined. Retinal edema is not usually measured directly but is inferred from increased retinal thickness (measured, for example, by optical coherence tomography) and may be caused by fluid accumulation in intracellular or extracellular compartments. Clinically, retinal edema is commonly associated with visual impairment. 8 Studies of cerebral edema demonstrate that intracellular swelling produces microcirculatory compression and impaired hemodynamics. 9 A hallmark of intracellular edema/cellular swelling is that it develops through an osmotic imbalance between blood and tissue and without opening of the blood tissue barrier. We found no evidence for passive blood-retinal barrier (BRB) leakage in vivo until after 6 months of diabetes, suggesting that if retinal edema does occur in diabetic rats, it may be caused by intracellular, and not extracellular, fluid accumulation.
We hypothesized that subnormal ⌬PO 2 found in 3-month experimental diabetic retinopathy is linked to cellular swelling and increased retinal thickness. This study had two goals: to determine the impact of intracellular fluid accumulation on retinal ⌬PO 2 in a nondiabetic model of cellular swelling and to determine whether thickness is increased at 3 months after the induction of diabetes in rats.
METHODS
Animals were treated in accordance with the NIH Guide for the Care and Use of Laboratory Animals and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Animal Models
NMDA Injection. Control Sprague-Dawley rats were anesthetized with isoflurane and given 6 L intravitreal injection containing 200 nmol NMDA (Sigma, St Louis, MO) neutralized in 0.01 M phosphate-buffered saline (PBS). All injections were administered in the nasal-temporal quadrant at the ora serrata using a modified 35-gauge needle and aided with a dissection scope. Intravitreal injections were administered over a 1-minute period, and eyes were allowed to acclimate for 1 additional minute before the needle was removed. At 7 or 30 days, MRI experiments were performed to assess retinal thickness changes. Retinal thickness measurements were not different between 7 and 30 days, and the data presented were combined. rats were injected intraperitoneally with 15% of their body weight of either warmed saline or distilled water in three 5% increments administered in sequential 5-minute intervals. This injection schedule was developed to minimize rat deaths inside the magnet that tended to occur if a single bolus was administered (preliminary data not shown). High-resolution magnetic resonance images were obtained before and 2 hours after intraperitoneal injections, followed by the collection of functional MRI data for analysis of retinal ⌬PO 2 and BRB integrity. The 2-hour time point was chosen because this is when, after 15% distilled water administered intraperitoneal, gray matter edema develops. 10 One rat in the distilled water group was removed from the final analysis because it had too much motion artifact. In separate benchtop experiments, intraocular pressure (IOP) was assessed directly using an applanation tonometer (Tono-Pen XL; Medtronic, Minneapolis, MN). 11 In urethane-anesthetized control rats, with core temperatures maintained between 35.5°C and 37°C, IOP measurements (average, 25) were obtained before or after, or both, 15% distilled water injection using the same injection schedule described. In addition, IOP was indirectly estimated from the globe circumference measured on MRI.
Diabetic Rats. Separate groups of control (C) Sprague-Dawley rats, and 3-month-old diabetic (D) Sprague-Dawley rats were studied. In rats, diabetes was induced with intraperitoneal injection of streptozocin (55 mg/kg) within 5 minutes of its preparation in 0.01 M citrate buffer, pH 4.5, in rats with body weights of approximately 200 g after overnight fast. Diabetes was verified 3 days later by the presence of plasma hyperglycemia (Ն400 mg/dL) and elevated urine volume (Ͼ60 mL/d). Rat body weight and blood glucose levels were monitored weekly. Subtherapeutic levels of insulin (0 -2 U neutral protamine Hagedorn [NPH] insulin administered subcutaneously daily) were administered to maintain a level of hyperglycemia of 400 to 550 mg/dL for the duration of each study. Only rats with this history of hyperglycemia were studied. Glycated hemoglobin (GHb) levels were determined by affinity chromatography, as previously described.
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MRI. On the day of the examination, urethane-anesthetized animals had their tail veins cannulated with a 25-gauge catheter. The dose of contrast agent (Gd-DTPA, Magnevist; Berlex Laboratories, Wayne, NJ) was 0.1 mmol/L per kilogram body weight. Each rat was then gently positioned on an MRI-compatible homemade holder with its nose placed in a plastic nose cone. Animals were allowed to breathe spontaneously during the experiment. To maintain the core temperature, a recirculating heated water blanket was used. Rectal temperature was continuously monitored while the animal was inside the magnet, as previously described. 6 MRI data were acquired on a 4.7 T system using a two-turn transmit/receive surface coil (1-cm diameter) placed over the eye. First, high-resolution images were collected using an adiabatic spin-echo imaging sequence (repetition time [ High-resolution images were acquired before and 2 hours after saline or distilled water provocation. After the last high-resolution image, coil tuning and matching were checked and corrected when necessary. To enhance our ability to detect subtle degrees of neuronal loss in the NMDA experiments, we acquired high-resolution images 24 hours after intraperitoneal injection of 44 mg/kg manganese chloride to better define the border between the retina and the vitreous or sclera as well as the intraretinal layers.
Images for measuring retinal ⌬PO 2 and BRB integrity were then acquired, as previously described, using an adiabatic spin-echo imaging sequence (TR, 1 second; TE, 13.6 ms; NA, 1; matrix size, 128 ϫ 256; slice thickness, 1 mm; field of view, 32 ϫ 32 mm 2 ; 2 minutes/image). 6, 13 This resulted in an in-plane resolution of 250 ϫ 125 m 2 . Briefly, retinal ⌬PO 2 data were collected as three images while the animal breathed room air and one image during the inhalation of carbogen. Carbogen inhalation was started at the end of the third image.
14 After returning the rat to room air for 5 minutes, dynamic contrast-enhanced (DCE) MRI was performed by collecting 12 sequential 2-minute images-three control images before the injection of contrast agent and nine images during and after a 6-second Gd-DTPA bolus injection. Animals were removed from the magnet, and a second 2-minute inhalation challenge was performed outside the magnet, with care taken to not alter the spatial relationship between the animal head and the nose cone. At exactly 2 minutes, arterial blood from the descending abdominal aorta was collected, as described previously. 2 This blood was analyzed for glucose, PaO 2 , PaCO 2 , and pH. Note that this second inhalation challenge (outside the magnet) was needed because it was not feasible to routinely obtain an arterial blood sample from inside the magnet (Ͼ40 cm away from the magnet opening) from rats. In all cases, after blood collection, animals were euthanatized with injections of intracardiac potassium chloride.
Data Analysis. To be included in this study, the animal must have demonstrated minimal eye movement during the MRI examination, nongasping respiratory pattern before and after the MRI examination, constant rectal temperatures, and positive enhancement in the anterior chamber during carbogen breathing and after Gd-DTPA injection. Based on our previous experience in rats, n Ն 3 is sufficient to draw statistical conclusions for BRB comparisons, and n Ն 5 is required to detect differences for ⌬PO 2 comparisons.
Retinal Thickness. First, to ensure that we measured thickness radially (ie, perpendicularly) from the sclera (which presents as a dark line on the image), a round region-of-interest (ROI) encompassing the entire globe was drawn and its center-of-mass was determined. Radial lines were then drawn between the center-of-mass point and the edge of the round ROI associated with the retina/choroid region. Note that the high-resolution images collected for this study had sufficient spatial resolution but inadequate contrast to distinguish between retinal and choroidal circulation; combined retinal/choroidal thicknesses are reported. However, in most animals there was sufficient contrast to distinguish between distinct layers. Although the anatomic identity of all the layers is not yet known, the innermost layer appears to represent the combined width of the retinal ganglion cell, inner plexiform, and inner nuclear layers in control rats. The outer retina (combined thickness of the outer nuclear and photoreceptor layers) is less well defined with these acquisition parameters. Unfortunately, the innerlayer thickness could only be measured in two of the diabetic rats (data not shown); hence, no conclusions about possible inner retinal thickness changes were drawn from this limited data set. Inner-layer thickness was measured in regions within 1 mm of the optic nerve head. The distance between the anterior and posterior edges of the retina/ choroid complex (ie, total thickness) was measured as a function of distance from the optic nerve. In this study we did not standardize the number of thickness and distance measurements obtained in each rat. To compensate, averages in 1-mm steps from the optic nerve were used for comparisons and are listed as such. For example, data sampled from 0 to 1 mm from the optic nerve are listed as 0.5 mm from the optic nerve.
MRI-Derived IOP.
Initial studies indicated that minor axis length, but not major axis length, was correlated with changes in IOP (data not shown). We found that conversion of the circumference of the globe, obtained by dividing by to produce a "derived diameter," correlated best with IOP. This derived diameter (dd) also had the advantage of being eye shape independent. In separate experiments using two untreated, different rat species (Lewis and Sprague-Dawley) or Sprague-Dawley rats infused intravenously with 20% mannitol (to lower IOP), we found, over a physiologic range of IOPs, a linear relationship between dd and applanation tonometer ( 
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Medtronic) pressures were in agreement both 2 hours after distilled water treatment and with literature findings on lack of IOP change in diabetic rats.
⌬PO 2 and BRB Integrity. For the functional and dynamic studies, we first corrected for movement within the slice plane using an affine transformation on the images from each animal with software written in-house. Affine transformation applies a linear combination of translation, rotation, scaling, or shearing (ie, nonuniform scaling in some directions), operations that preserve lines and parallelism to coregister images to a reference image. Because the slice thickness (1 mm) is relatively large compared with the diameter of the eye (approximately 6 mm), partial volumes will be similar if the eye subtly moves out of the imaging plane, in which case the data analysis is not expected to be substantially affected. For completeness, coregistration within each experiment (⌬PO 2 and BRB) was performed on all rats used in the final analysis. After coregistration, the MRI data were transferred to a computer (Power Mac G4; Apple, Cupertino, CA) and were analyzed using the program IMAGE (a freeware program available at http://rsb.info.nih.gov/nih-image/) as detailed previously in several publications. 2, 6, 13, 15, 16 Statistical Analysis. Data for IOP, thickness, BRB integrity, and physiologic parameters (ie, blood gas values and rectal temperatures) were consistent with a normal distribution and are presented as mean Ϯ SEM. In most cases, comparisons between groups were performed using ANOVA, with P Ͻ 0.05 considered statistically significant. To examine the effect of distilled water injection on ocular physiology, a 2-tailed unpaired t-test was performed. Comparison of retinal ⌬PO 2 between control and experimental groups was performed using a generalized estimating equation approach. 17 This method performs general linear regression analysis using all the pixels from each subject and accounts for the with-in subject correlation between adjacent pixels. In all cases, 2-tailed P Յ 0.05 was considered significant.
RESULTS

Systemic Physiology
Summaries of systemic physiology for the control, saline, distilled water, and diabetic groups are presented in Table 1 . Few significant differences (P Ͻ 0.05) were observed between the groups, and all values were within the range expected for hyperoxic provocation in control animals to robustly produce measurable changes in ⌬PO 2 . 18 In the control, saline-, and distilled water-injected rats, GHb was not measured but plasma glucose levels were evaluated before the MRI experiment (range, 115-129 mg/dL) and fell within the expected range of values for nonfasted nondiabetic rats. 19 As expected, GHb values were significantly (P Ͻ 0.05) greater in the diabetic rats than in controls.
Ocular Physiology
Distilled Water Injection. IOP was not significantly different (P Ͼ 0.05) between noninjected control values (17.4 Ϯ 2.1 mm Hg; n ϭ 9) and at 2 hours after distilled water injection (17.2 Ϯ 2.2 mm Hg; n ϭ 5). Furthermore, no significant differences (P Ͼ 0.05) were found between MRI-derived IOPs of noninjected control rats (18.6 Ϯ 4.1 mm Hg; n ϭ 5), saline-treated rats (16.8 Ϯ 3.3 mm Hg; n ϭ 8), and rats 2 hours after distilled water injection (15.9 Ϯ 1.1 mm Hg; n ϭ 11).
Diabetes. MRI-derived IOPs were not different (P Ͼ 0.05) between control and 3-month-old diabetic rats (18.6 Ϯ 4.1 mm Hg [n ϭ 5] and 17.9 Ϯ 1.7 mm Hg [n ϭ 6], respectively).
MRI. High-resolution MRI provides a detailed and noninvasive view of ocular anatomy in vivo, including the retina/ choroid complex (seen as a white line in the posterior region of the eye) and optic nerve, even in the presence of diabetesinduced cataract (Fig. 1) .
FIGURE 1.
Representative high-resolution images of control (A) and diabetic (B) rat eyes (23.4 m 2 in-plane resolution). As illustrated in (A), the white line in the posterior region of the eye (white arrow) represents the retina/choroid complex; the black arrow points to the optic nerve. A partial cataract is present in the diabetic rat. Superior (S) and inferior (I) are also indicated. Retinal thinning is apparent by visually comparing superior retina near the optic nerve in the diabetic rat with similar regions in the control rat. Note inferior retina regions appear similar in both (A) and (B). Quantitative confirmation of these descriptive conclusions is presented in Figure 4 . (C) Three distinct retinal layers in the pattern light, dark, light are illustrated in a representative region of interest of a control rat. Although the anatomic identity of the middle and outer layers is not yet known, the inner layer (white arrow) appears to represent the combined width of the retinal ganglion cell, inner plexiform, and inner nuclear layers in control rats. Retinal Thickness. Thickness of inferior and superior retinas of control, saline, distilled water, and diabetic groups are presented in Figures 2 to 4 . Between the control and saline groups, no significant differences (P Ͼ 0.05) in thickness were noted at any location panretinally. In the distilled water group, retinal/choroidal thickness was significantly (P Ͻ 0.05) elevated panretinally compared with the control and saline groups. In 3-month-old diabetic rats, normal retinal/choroidal thickness (P Ͼ 0.05) was found at most distances from the optic nerve, but retinal/choroidal thickness was subnormal (P Ͻ 0.05) in superior retina (0.5 mm from the optic nerve; Figs. 1 and 4) .
Inner layer thickness (Fig. 1C, arrow ) was significantly (P Ͻ 0.05) decreased in NMDA-treated eyes (63.
BRB Integrity. As summarized in Figure 5 , no coherent increases in E values were detected in any group, implying that the BRB was intact. Note that non-zero E values occurred because of noise generated by slight motion artifacts. This noise was approximately the same across groups and did not represent a coherent buildup of contrast agent from BRB damage (data not shown). Previously, we reported a coherent buildup of contrast agent in the vitreous of 8-month-old diabetic rats relative to controls. 13 ⌬PO 2 . No significant differences (P Ͼ 0.05) between the control and saline groups in inferior or superior hemiretinal ⌬PO 2 were observed (Fig. 6 ). In the distilled water group, panretinal ⌬PO 2 was significantly (P Ͻ 0.05) subnormal compared with the control and saline groups (Fig. 6) . In agematched control and 3-month-old diabetic rats, as expected, subnormal (P Ͻ 0.05) superior but normal (P Ͼ 0.05) inferior hemiretinal ⌬PO 2 values were found (Fig. 7) .
DISCUSSION
In this study, we developed a model for acutely increasing retinal thickness that was associated with subnormal retinal ⌬PO 2 and intact BRB. The latter two characteristics mirror those found in 3-month-old diabetic rats. 13, 14 However, instead of the hypothesized increased thickness in 3-month-old diabetic rats, localized retinal thinning was found. An apparent spatial disconnect was also observed in the diabetic rats, with ⌬PO 2 values subnormal pansuperiorly but retinal thinning only present in superior retina near the optic nerve. We do not have an explanation for the "local thinning" or for why changes occurred only in the superior retinas of 3-month-old diabetic rats. The rodent superior hemiretina is reported to contain a greater number of ganglion cells than the inferior hemiretina and, hence, would be expected to have a relatively greater metabolic demand. 20 We speculate that this greater metabolic demand may make the superior hemiretina more susceptible to hyperglycemic insult than the inferior hemiretina. It is also FIGURE 2. Plots of average inferior (left) and superior (right) retinal/ choroidal thickness in control rats (C) and saline-injected (S) rats as a function of distance from the optic nerve (ON). No significant difference (P Ͼ 0.05) in thickness was found at any location. Numbers of animals used to generate these data are listed above each bar. Error bars represent the SEM. 
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possible that an early diabetes-induced perturbation of metabolic-vascular coupling causes, independently, subnormal ⌬PO 2 development and retinal thinning. In addition, the oxygenation response changes may occur earlier in the course of diabetes than neuronal changes or may be more sensitive to perturbed metabolic-vascular coupling. More experiments are clearly needed to further define the relationship between ⌬PO 2 and neuronal activity.
Ocular Physiology
Elevated or depressed IOP may alter the regulation of ocular hemodynamics and possibly change ⌬PO 2 . Because distilled water-treated rats are reported to have a 22% elevated mean arterial blood pressure 2 hours after injection, it is possible that IOP was also elevated at this time. 21 In this study, at 2 hours after distilled water injection, neither direct (applanation tonometer [Tono-Pen SL; Medtronic]) nor indirect (MRI) measures of IOP revealed any differences from controls. Note that at this time, agreement was found (P Ͼ 0.05) between MRIderived IOP values and applanation tonometer (Tono-Pen XL; Medtronic) pressures and that this provides additional support for the use of the calibration procedure. Taken together, changes in intraocular pressure/blood pressure do not seem to account for the roughly 64% decrease in retinal ⌬PO 2 measured in distilled water-treated rats (Fig. 6) .
We also found that the MRI-derived IOP in the diabetic rat group was not significantly different from that of control rats. In support of this, note that 2-month-old diabetic rats also did not demonstrate IOP different from that of controls. 22 Taken together, these considerations do not support a role for IOP in either the distilled water-treated or the diabetic rats in this study.
MRI Measures
Ocular Dimensions. The high-resolution MRI approach used in this study has several advantages over traditional morphometric approaches. First, it is noninvasive and so does not require enucleation and multiple-step fixation processes, which can introduce errors. Second, noninvasive measures of ocular dimensions using high-resolution A-scan ultrasonography appears to be untenable in the rat. 23 Third, retinal thicknesses are not restricted to limited retinal regions (typical about the optic nerve) but can be measured from any location from ora serrata to ora serrata, so the potential for sampling errors is reduced. Fourth, other ocular dimensions are simultaneously available from each high-resolution image, together with accurate measures of BRB integrity and ⌬PO 2 from the same eye in the rat and likely in the mouse. 4, 5, 24, 25 Diffusionweighted images (DWIs) are used in brain studies as an index of edema and may be of value in future studies of retinal edema. 26 However, in the present study, DWI was not attempted because of the significantly smaller volume of rat retinal tissue compared with brain tissue. A limitation of the MRI method is that data are collected from a relatively thick slice (1 mm) relative to ocular diameter (approximately 6 mm in the rat), and the resultant partial volume spatial averaging FIGURE 5. Summary of Gd-DTPA-induced signal intensity enhancement (E, %) from precontrast (t ϭ 0) levels for control (f, n ϭ 4), saline-injected (F, n ϭ 4), and distilled water-injected (OE, n ϭ 4) rats. Data are slightly shifted to aid viewing. Error bars represent the SEM. Non-zero E values occur because of noise generated by slight motion artifacts and are approximately the same across groups. Importantly, no coherent increase in E was found in any group, implying intact BRB. could decrease sensitivity to changes in ocular dimensions. This is not a fundamental restriction because we have collected preliminary data (not shown) that demonstrate high-quality images with a slice thickness of 0.6 mm and without increased data acquisition times (by cutting TR to 500 ms and increasing NA to 8). Another limitation is that current acquisition parameters do not provide good contrast between the choroid and the retina without contrast agent administration (data not shown). Additional studies are under way to optimize contrast between retinal layers and choroid. The accuracy of MRI retinal morphometry was examined in three ways. First, in control rats, the maximum MRI-derived retinal thickness measured near the optic nerve (220. 29 -34 Choroidal thickness was not measured histologically in this study. The literature is unclear as to whether, and to what extent, choroidal thickness changes occur with diabetes. 35, 36 For example, Cao et al. 36 found evidence for diabetesrelated choroidal degeneration, with the percentage of focal degeneration of choroidal vessels approximately 5% to 6%.The impact of changes of this order of magnitude on choroidal thickness was not clear, especially because they reported increased basal laminar deposit thickness of up to 8 m. Nagaoka et al. 35 found decreases in choroidal blood flow in the foveal region but did not measure choroidal thickness. In this case, it is unknown whether decreases in flow were related to changes in choroidal thickness or resulted from other factors. In addition, the relevance of the clinical alterations reported by Cao et al. 36 and Nagaoka et al. 35 to the diabetic rat are unclear. Of more relevance to the present study are direct measures of choroidal thickness in control and diabetic rodents. 37, 38 In these studies, no changes in choroidal thickness are reported. Taken together, these considerations support the present measurements as valid for comparison of retinal thickness between control and diabetic rodents. 37, 38 Second, MRI inner-layer thickness in control rats was 105.4 Ϯ 3.4 m, which is similar to that in the literature for the combined width of the retinal ganglion cell, inner plexiform, and inner nuclear layers in control rats (107 Ϯ 3 m). 33, 34 We also found agreement between the MRI-detected decrease in inner layer thickness after NMDA injection (40%) relative to control eyes and the roughly 50% decreases in inner plexiform and inner nuclear layers reported in the literature. 39 These considerations support the identification of the inner layer in Figure 1C as inner retina. The agreement between the MRI-derived ocular dimensions and the literature strongly support the use of high-resolution MRI as a spatially accurate and valid method for noninvasively and simultaneously measuring important ocular dimensions in the rat. 4, 5, 24 ⌬PO 2 . Understanding the physiology underlying normal and abnormal oxygenation responses to carbogen provocation is an active area of research in our laboratory. We considered the impact on ⌬PO 2 of several systemic variables, such as baseline arterial PaO 2 and PaCO 2 , hematocrit, and ocular perfusion pressure that could have been different in diabetic or distilled water-injected rats compared with controls. Previously, we reported baseline PaO 2 and PaCO 2 values of control rats on urethane and have collected blood samples periodically since that report to confirm that baseline blood gas values fall within similar levels in urethane-anesthetized control and diabetic rats (PaO 2 , 80 -100 mm Hg; PaCO 2 , 35-45 mm Hg) (data not shown).
2 Two hours after rats were injected with distilled water, no change was reported in room air arterial blood gas values and control values. 21, 40 With regard to possible hematologic differences between control and diabetic rats, Alder et al. 41 reported that control and 6-week-old diabetic rats have similar hematologic parameters (except for expected elevations of blood glucose, glycated hemoglobin, and 2,3 diphosphoglycerate in the diabetic group compared with controls), including similar P50 (the PO 2 at which the oxygen-carrying capacity of blood is 50% of maximal). In control and distilled water-injected rats, plasma osmolarity, as expected, is different but hematocrit values are not. 40 We did not measure choroidal volume or ocular blood flow in this study and so cannot directly address whether these are altered after distilled water treatment. If choroidal oxygenation substantially contributed to the preretinal vitreous ⌬PO 2 , then we would expect a smooth monoexponentially decaying oxygen gradient from the choroid to the vitreous during carbogen breathing. However, this type of oxygen gradient pattern was not found using intraretinal oxygen electrodes in rats during carbogen breathing. 42 Instead Yu et al. 42 reported an intraretinal minimum with a muted inner retina oxygen level increase relative to the large increases in choroidal PO 2 . To further consider a possible role of choroidal oxygen on our measures, we compared ⌬PO 2 and retinal thickness in control rats. If oxygen from the choroid made a significant contribution to vitreal ⌬PO 2 , we would expect lower ⌬PO 2 over thicker central retina and higher ⌬PO 2 over thinner peripheral retina. However, as shown in Figure 8 , the opposite pattern was found: higher ⌬PO 2 over thicker central retina and lower ⌬PO 2 over thinner peripheral retina. This pattern is not consistent with the notion that the choroid makes a substantial contribution of oxygen to vitreal ⌬PO 2 during carbogen breathing, at least in rats. These considerations raise the possibility that subnormal ⌬PO 2 measured after distilled water injection is caused primarily by retinovascular changes.
These considerations suggest that baseline arterial Pao 2 and Paco 2 , hematocrit, choroidal volume, and IOP values between control, diabetic, and distilled water-injected rats are unlikely to have contributed to the group differences reported in this and previous studies. 4 -7 These considerations suggest that subnormal superior hemiretinal ⌬PO 2 is likely caused by local physiologic retinal differences between control and experimental rats.
BRB Integrity. DCE MRI using Gd-DTPA is an established and sensitive method for monitoring BRB integrity in rabbit, rat, and human. 13, 16, [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] Typically, contrast agent that passes through damaged BRB and collects in the vitreous will produce a coherent increase, or enhancement (E), of signal intensity over time relative to precontrast levels. When this happens, E can be converted to an accurate measure of BRB permeability surface area product (PS). 15, 16, 48, 53 In this study, no coherent buildup of contrast agent was detected in the vitreous (Fig. 5) . BRB PS was thus not calculated, and only E was reported.
Distilled Water Model of Intracellular Edema. Chronic intracellular fluid accumulation is thought to contribute to clinical cystoid macular edema, though a role for intracellular edema in diabetic retinopathy remains poorly investigated. 54 One reason is that a reliable model for generating intracellular retinal edema has not been available. Water intoxication is a common model of producing cerebral intracellular edema but has not yet been applied for use in the retina. 10 After injection of 15% of the rat's body weight in distilled water intraperitoneally, plasma osmolarity is lowered, producing an osmotic imbalance between blood and tissue and subsequent entry of fluid and edema. We note that it has been established that after distilled water injection, the BBB remains intact. 9, 21, [55] [56] [57] In this study, we found that retinal/choroidal thickness increased after distilled water injection, without evidence for BRB damage. However, specific gravity was not measured in the present study and so the presence of edema was not directly confirmed. However, increased retinal/choroidal thickness after distilled water injection is consistent with the presence of intracellular swelling/edema. The acute distilled water model is expected to be useful in future studies designed to understand the pathogenic impact and treatment of intracellular fluid accumulation in the retina.
Retinal Physiology of Diabetic Rats. We next pursued the possibility that subnormal ⌬PO 2 found in 3-month-old rats with experimental diabetic retinopathy could be linked to increased retinal/choroidal thickness caused by cellular swelling.
⌬PO 2 . From the present data and results in our previous reports, 3-month-old diabetic rats show subnormal superior, but not inferior, hemiretinal ⌬PO 2 (Fig. 7) . 4 -7 Finding this asymmetry is unlikely to be the result of insufficient statistical power because inferior/superior hemiretinal response differences have been consistently found in rats and mice with experimental diabetes. 4 -7 Blood-Retina Barrier. Diabetes-induced opening of the BRB is often used as indirect evidence of an increased risk for extracellular (or vasogenic) edema formation. 58 We, and others, find no evidence for passive BRB leakage in rats until after 6 months of diabetes. 13,59 -63 In sharp contrast, other laboratories report that BRB is disrupted across the entire retina as early as 2 weeks after diabetes induced in rats and measured ex vivo. 64 -68 One explanation for this controversy is that ex vivo assessment of BRB damage can be confounded by death-related opening of the BRB that is unrelated to diabetes. 13 An alternative possibility is that in vivo and ex vivo methods measure different aspects of BRB integrity. The MRI approach only measures tracer levels in the vitreous, whereas ex vivo approaches only monitor tracer concentrations intraretinally. Previously, we demonstrated that DCE MRI is a sensitive approach to assaying BRB damage under a variety of conditions, including after intravitreal vascular endothelial growth factor injection. 13 In any event, we reasoned that if previous studies are correct and BRB damage occurred as early as after 2 weeks of hyperglycemia, the 3-month point might have been enough time for edema to develop. The lack of evidence of edema in the present study is not consistent with the reported BRB damage reported by previous studies. Instead, the present thickness data support findings of an intact BRB in experimental diabetic retinopathy at 3 months. These data raise the possibility that retinal edema does not form in experimental diabetic retinopathy. To firmly address this issue, more work is needed during later durations of diabetes to determine whether retinal thickness changes.
Retinal/Choroidal Thickness. In this study, instead of increased retinal/choroidal thickness in diabetic rats, as might be expected if edema were present, significant (P Ͻ 0.05) retinal/choroidal thinning was observed near the optic nerve. Based on the single-slice MRI data presented in Figure 1 , we were unable to determine the area of retinal thinning in terms of clock hours. Other laboratories have also reported a decrease in retinal/choroidal thickness compared with controls in regions near the optic nerve in excised rat retina after 1 month of diabetes. 37, 69 The degree of retinal thinning appears to remain relatively constant (10%-15%) over time after the induction of diabetes. 37, 69 The present MRI data are important because they were collected in vivo, without enucleation and fixation artifacts potentially confounding the measurements. It is possible that highly localized regions of edema are present that are below the detection sensitivity of the MRI method. This appears to be unlikely because it would be inconsistent with the apparent presence of panretinal BRB damage measured by other investigators. 64 Further, the physiologic impact of such small areas of edema would be unclear. The 3-month point was chosen because we consistently find subnormal ⌬PO 2 at this time and because other investigators have found retinal thinning at longer durations of diabetes that may confound identification of retinal edema. 37 It is possible that retinal edema formation may only occur at earlier time points after the induction of diabetes. For example, Park et al. 69 claimed to have detected a transient increase in inner nuclear layer thickness at 1 week after inducing diabetes in rats. However, no statistical analysis of the data was presented to confirm that retinal/choroidal thickness actually increased over control values. 69 If edema was present in the Park et al. 69 study, it was transient and the relevance to more chronic edema typically found clinically is unclear. In any event, the apparent lack of retinal edema in 3-month-old diabetic rats in vivo implies that intracellular swelling is unlikely to underlie subnormal ⌬PO 2 in diabetes. In addition, for the first time, retinal thinning is reported to be localized to superior retina near the optic nerve. We note that in 3-month-old diabetic rats, the superior retina is also the region demonstrating subnormal ⌬PO 2 . However, unlike retinal thinning, which appears to occur near the optic nerve, subnormal ⌬PO 2 occurs across the entire superior hemiretina. 2,4 -7 Efforts are now under way to better determine whether superior retinal neuronal dysfunction/loss and subnormal ⌬PO 2 are linked.
